In recent years, ferroelectric/piezoelectric polycrystalline bulks and thick films have been extensively studied for different applications, such as sensors, actuators, transducers and caloric devices. In the majority of these applications, the electric field is applied to the working element in order to induce an electromechanical response, which is a complex phenomenon with several origins. Among them is the field-induced movement of domain walls, which is nowadays extensively studied using piezoresponse force microscopy (PFM), a technique derived from atomic force microscopy. PFM is based on the detection of the local converse piezoelectric effect in the sample; it is one of the most frequently applied methods for the characterization of the ferroelectric domain structure due to the simplicity of the sample preparation, its non-destructive nature and its relatively high imaging resolution. In this review, we focus on the PFM analysis of ferroelectric bulk ceramics and thick films. The core of the paper is divided into four sections: (i) introduction; (ii) the preparation of the samples prior to the PFM investigation; (iii) this is followed by reviews of the domain structures in polycrystalline bulks; and (iv) thick films.
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In recent years, ferroelectric/piezoelectric polycrystalline bulks and thick films have been extensively studied for different applications, such as sensors, actuators, transducers and caloric devices. In the majority of these applications, the electric field is applied to the working element in order to induce an electromechanical response, which is a complex phenomenon with several origins. Among them is the field-induced movement of domain walls, which is nowadays extensively studied using piezoresponse force microscopy (PFM), a technique derived from atomic force microscopy. PFM is based on the detection of the local converse piezoelectric effect in the sample; it is one of the most frequently applied methods for the characterization of the ferroelectric domain structure due to the simplicity of the sample preparation, its non-destructive nature and its relatively high imaging resolution. In this review, we focus on the PFM analysis of ferroelectric bulk ceramics and thick films. The core of the paper is divided into four sections: (i) introduction; (ii) the preparation of the samples prior to the PFM investigation; (iii) this is followed by reviews of the domain structures in polycrystalline bulks; and (iv) thick films. to micro-to-nanoscale properties such as the microstructure, ferroelectric domain structure, domain-wall dynamics, etc. In this review we focus on the ferroelectric domain structure and the domain-wall dynamics in polycrystalline bulks and thick films investigated using piezoresponse force microscopy (PFM).
PFM belongs to the group of scanning probe microscopies (SPMs). The development of SPM dates back to 1981, when the scanning-tunnelling microscope was invented by Binnig and Rohrer (for which they were awarded the Nobel Prize in Physics). Their original invention was certainly one of the triggers of the nanoscience era. However, this was just the beginning, 5 years later Binnig, Quate and Gerber developed the atomic force microscope (AFM). From that point on different modes were developed and attachments were added to the AFM, in this way giving us piezoresponse force microscopy, magnetic force microscopy, the conductive AFM, electrostatic force microscopy, kelvin probe force microscopy, scanning thermal microscopy, etc.
The AFM consists of a tip on a cantilever, a scanner based on piezoelectric actuation, a laserlight detector (photodiode) and a data-acquisition unit and controller (figure 1). It senses the interaction force between the AFM tip and the sample. The AFM tip (also called the AFM probe) on the cantilever is a sensor detecting this force [1] .
With the AFM we can scan the sample surface in three different ways: (i) contact mode, (ii) tapping mode, and (iii) non-contact mode. During contact-mode scanning the AFM tip is in a hard contact with the sample surface. The topography is detected by the deflection of the tipcantilever system from the original position, which is monitored by the reflection of the laser into the photodiode detector, as shown in figure 2a. During the tapping mode (also called the dynamic contact mode, intermittent contact mode or ac mode) and non-contact mode scanning the AFM tip is periodically in contact with the sample surface or never in contact at all, respectively. These two modes are mostly used for topographic investigations of soft samples.
PFM is based on the detection of the converse piezoelectric effect of the sample. The contactmode regime is used and the ac electric field is applied, usually between the conductive tip and the sample's bottom electrode. The conductive tip is used as a movable top electrode (figure 2b). Different conductive tips can be used for PFM measurements. For example, conductive n-doped silicon tips or silicon-based tips coated with conductive layers such as Au, Pt, Pt/Ir, Ti/Ir, conductive diamond and many others. The conductive n-doped silicon probes can oxidize [ tips, it was shown that they exhibit better signal stability and result in fewer imaging artefacts in comparison to platinum-coated tips [4] ; however, metallic-coated tips can be sharper (radius of 10-15 nm) and less costly.
For PFM measurements, besides a basic AFM system, a functional generator and lock-in amplifier are also required (figure 1). The functional generator produces an oscillating voltage that is applied to the PFM tip, while the lock-in amplifier is employed to read out the resulting oscillations of the cantilever. The typical deflections of the cantilever are very small, usually in the range of background noise; therefore, a lock-in amplifier is used to amplify the PFM signal and consequently improve the signal-to-noise ratio [3] .
The voltage V applied to the sample is, in general:
where ω is the angular frequency and t is the time, while V dc , V ac are the amplitudes of the dc and ac components, respectively. For the imaging of ferroelectric domains, the dc component is usually zero and the applied voltage, also called the imaging or probing voltage, is:
During the scanning the cantilever bends in accordance with the local piezoelectric displacement of the sample. The cantilever displacement z can be written as:
If the frequency of the applied voltage is well below the contact resonance of the tip-sample system, z ac is proportional to the piezoelectric coefficient of the sample in the measured direction multiplied by V ac . φ is the phase of the electromechanical response that is connected with the polarization direction in the area below the tip. The bending of the cantilever is detected by the laser beam, which is reflected from the back of the cantilever into the photodiode, as shown in figure 2b . The output PFM image can present the whole cantilever displacement z connected to the electromechanical response of the sample (also called a mixed PFM signal) or the amplitude and the phase of the cantilever displacement can be presented in separate images, as shown in figure 3 for the case of a periodically poled LiNbO 3 single crystal [5] . During PFM scanning the phase of the cantilever response changes by 180°across an antiparallel domain wall, which can be seen as black-and-white contrast in the PFM phase image in figure 3c . amplitude image (figure 3b) correspond to the domain-wall regions, where the electromechanical response is suppressed in comparison to the domain interior. The domain-wall regions depicted by the PFM images in figure 3b are wider than the actual widths of the domain walls, due to the imaging resolution of the PFM technique, which is discussed later in the text. PFM was demonstrated for the first time by Güther and Dranfeld in 1992 [6] . They used the technique to polarize local areas in a ferroelectric vinylidene fluoride-trifluoroethylene copolymer film by applying a voltage between the PFM tip and the bottom electrode of the film. Soon, many pioneering PFM studies on ferroelectric crystals, ceramics and thin films followed [7] [8] [9] [10] [11] . Since then PFM has become one of the most applied techniques for analysing domains, domain walls and their dynamic behaviours, such as domain nucleation and growth. Many review articles on various topics related to PFM were published in the past 15 years [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Our review focuses on the PFM analysis of piezoelectric and ferroelectric bulk ceramics and thick films.
A bulk piezoelectric ceramic sample is a self-supporting macroscopic piece of piezoelectric polycrystalline material. It can be used as an active material in a wide range of applications, for example, in sensors, actuators, transducers for ultrasonic medical diagnostics and non-destructive testing, underwater acoustics, bulk acoustic-wave devices for telecommunications and many others [25] . On the other hand, for micro-electro-mechanical systems, for microelectronics, for micro-sensors and actuators and for other applications on the micro level, the active piezoelectric layer should be a few tens of micrometres thick. Thick-film technology is appropriate for the production of such structures, based on a few microns-to a few tens-of-microns-thick piezoelectric films.
In contrast to bulk samples, which are self-supporting, thin and thick films are clamped to substrates. Usually, a thickness of 1 µm represents the boundary for the definitions of thin (less than 1 µm) and thick (greater than 1 µm) films. However, there are many other definitions, for example, according to Dorey [26] , the definition of a thick film can be based on manufacturing techniques that are capable of depositing a significant quantity of material over a large area in a short period of time, i.e. powder-based routes. For the purpose of this review, this definition of thick films has been adopted. In addition, Kosec et al. [27] divided thick-film deposition methods, according to the density of the as-deposited green films, into low-density deposition methods (screen-printing, tape casting, electrophoretic deposition and inkjet printing) and highdensity deposition methods (jet printing, aerosol deposition and airflow deposition). On the other hand, the upper limit for the thickness of thick films is defined by the point at which the thick film becomes self-supporting and no longer requires a substrate to support it. At this point the sample becomes a bulk sheet. These criteria usually result in a thickness limit of approximately 100 µm [26] .
Different types of PFM analysis can be used to investigate polycrystalline ferroelectric bulks and thick films. The most commonly used one is the imaging of the ferroelectric domain structure by applying a sub-switching electric field. The imaging can be performed at a frequency close to the contact resonance frequency (CRF) of the tip-sample system (CR technique), where the signal-to-noise ratio is higher than when imaging at a frequency away from the CRF. During the scanning across the sample surface the CRF can vary greatly (by tens of kHz), because it depends on the contact mechanics of the tip-sample system, which is influenced by the sample topography, the elastic modulus and the tip shape. To reduce such topographical crosstalk during the CR technique, the dual-frequency resonance-tracking (DFRT) method [28] , sometimes called the dual ac resonance tracking (DART) method, can be used. The crosstalk is reduced by tracking the CRF and using a feedback loop to adjust the drive frequency of the cantilever to match the CRF [28, 29] . The result of such PFM imaging in a polycrystalline sample is shown in figure 4a . Another method that can be used to avoid the topographic crosstalk is called the band-excitation (BE) method [30, 31] . In this case, the PFM signal is measured at multiple frequencies. Instead of a sinusoidal signal, in the BE method the signal is designed to span a continuous band of frequencies (including the resonance frequency), the response is monitored and Fourier transformed, resulting in amplitude-frequency and phase-frequency curves. This method can distinguish between the PFM response and the topographical and elastic properties of the tip-sample contact, as clearly shown in [32] .
The lateral (in-plane) resolution, also called the imaging resolution, is mainly determined by the tip-sample contact area [16, 20] . Therefore, it is important that the conductive PFM tip is sharp and that the contact area between the tip and the sample is as small as possible. Commercial PFM tips are usually a few nanometres thick, for example, from approximately 10 to 30 nm in diameter. Furthermore, the elasticity of the sample influences the lateral PFM resolution [3] .
The temperature dependence of the domain structure and its correlation with the phasetransition temperature is also often reported [33] [34] [35] [36] [37] . During such an experiment the sample is heated up or cooled down and the PFM imaging is obtained at a certain temperature. An example is shown in figure 4b .
In ferroelectrics, an applied electric field that is higher than the coercive field induces the switching of ferroelectric domains. Therefore, in PFM, the application of a tip voltage that is higher than the coercive voltage of the local area below the tip can lead to local switching of the ferroelectric domains. Meanwhile, if a chosen area is scanned, while such a high voltage is applied, the ferroelectric domains in this area switch. Furthermore, it is possible to selectively apply voltages of opposite polarities (or different magnitudes) depending on the tip location and in this way 'write' the pre-designed patterns in PFM amplitude and phase images [17, 23, 38] , as shown in figure 4a. This mode is called PFM lithography.
Another technique referred to as switching spectroscopy enables measurements of the local piezoelectric hysteresis loops by applying a dc step electric field overlapped by an ac driving signal [39] [40] [41] [42] . In this mode the measurements are made at one fixed point and the result is given in the form of PFM amplitude and phase hysteresis loops, as shown in figure 4c . A detailed explanation of the switching-spectroscopy experiment is given in §3d(iii).
The PFM is a surface-measurement technique, used especially for ferroelectric materials that possess a large dielectric permittivity. The electric field depth in the investigated material is inversely proportional to the dielectric permittivity; therefore, in materials with a large dielectric permittivity, the piezoresponse is mainly obtained from the sample's surface layer [16, 20] . Furthermore, the ratio between the contact area and the sample thickness can also play a role. In ref. [20] it is reported that the piezoresponse of ferroelectric thick films or bulk ceramics reflects mainly in the domain structure of the surface layer, while the piezoresponse of thin films originates from the contribution across the sample thickness. The domain structure in the thickfilm surface layer can differ from that in the film's interior, due to different boundary conditions applied to the material inside or on the surface during a thermal treatment, i.e. the grains in the surface layer are free on one side, while the grains inside the films are clamped all around by the neighbouring grains. Therefore, it is very important that the thick films and bulk ceramics are properly prepared prior to any PFM investigation. For example, the analysis can be made on the bare film surface (figure 5a) or the film can be polished to some depth in order to investigate the domain structure inside the film (figure 5b). The preparation of samples prior to the PFM investigation is explained in the next section. 
Polishing and cleaning prior to a PFM analysis
Flat samples such as thin films (less than 1 µm thick) do not need special sample preparation, whereas bulk ceramics need to be cut and polished prior to the PFM investigation. Proper polishing and cleaning of the ceramic surface are crucial to obtaining high-quality images. In ref.
[4] the authors clearly demonstrate how the quality of PFM image changes if the ceramic is insufficiently or properly polished. However, sample-preparation conditions prior to the PFM investigation, such as thermal treatment, can also affect the result. An example can be seen in figure 6 , showing the same grain in a polished 0.65Pb(Mg 1/3 Nb 2/3 )O 3 -0.35PbTiO 3 (PMN-35PT) ceramic before and after a thermal treatment. In the first case, mainly irregular features covering the lamellar domains are observed, while after heating above the Curie temperature (T c ) and cooling back to room temperature (RT) a lamellar domain structure prevails. In the literature, authors typically do not explain how the samples were prepared or the description is short and insufficient. But for a proper evaluation and comparison with the literature data and for achieving good repeatability of the experiments, a detailed description of the sample's initial condition is essential. A short literature review of the sample conditions prior to the PFM analysis is given below. The ceramic samples are usually cut to a thickness equal to or below 1 mm and polished in order to obtain a flat surface for the PFM investigation [43] [44] [45] [46] [47] . Firstly, grinding with silicon carbide grinding papers (5-20-µm-large SiC particles) is reported [44, 48] , followed by polishing on a fabric using a polishing paste with a gradual decrease in the size of the diamond abrasive down to 0.25 µm [44, [48] [49] [50] [51] [52] [53] [54] and finishing with a colloidal SiO 2 suspension containing particles just a few tens of nanometres in size [33, 44, 48, [51] [52] [53] [54] [55] . Finally, for removing the SiO 2 particles from the surface, distilled water can be used. In order to release the internal stresses that are formed in the material during cutting and polishing, the samples can be heated to a few hundred degrees Celsius, above the T c of the material, but still below the sintering temperature and slowly cooled [56, 57] . For example, PMN-35PT is usually sintered above 1000°C and it has a T c at approximately 170°C [58, 59] . Therefore, heat treatment from 600°C down to RT can be applied prior to the PFM investigation, as reported in [56] . Such high-temperature annealing is usually not performed in high-temperature piezoelectrics, due to their very high T c (approx. 825°C for BiFeO 3 ) [44, 60] . A heat treatment also helps to remove the interfacial layers between the PFM tip and the sample surface and therefore improve the electrical contact during the scanning, as suggested in [17] .
Similar polishing and fine-polishing procedures can also be applied to polycrystalline thick films prior to scanning [60, 61] . However, the polishing time for thick films is much shorter in comparison to the bulk samples, because thick films are only a few tens of micrometres thick. An example of PFM amplitude images for a BiFeO 3 ceramic and a thick film after polishing, fine polishing by a colloidal SiO 2 suspension and cleaning in distilled water are shown in figure 7 . Dust and an interfacial layer between the tip and the sample can affect the PFM signal ( figure 8 ). There are, however, a few ways to remove such surface contamination. For removing dust, the sample can be placed in the ultrasonic cleaner or wiped with a lens-cleaning tissue [3] . However, a long cleaning period in the ultrasonic cleaner can damage sensitive samples. The sample can also be cleaned with acetone, but in some cases, the acetone can leave stains on the sample surface. Subsequently washing the sample in isopropanol, ethanol or distilled water can easily clear such stains. Another way is flushing the sample with an air-spray and placing it in a UV ozone cleaner, where the cleaning procedure is based on a photo-sensitized oxidation process [62] . Cleaning the samples with appropriate plasma systems can also be effective. 
PFM studies of the domain structure in polycrystalline bulks
The most commonly used ceramic elements are based on lead zirconate titanate Pb(Zr (1−x) Ti x )O 3 (PZT). But due to the toxicity of lead, the European Union has included Pb-based piezoelectrics in various directives and legislations, e.g. Restriction of the use of certain Hazardous Substances in electronic and electrical equipment (RoHS) [63] and Waste Electrical and Electronic Equipment (WEEE) [64] , in order to replace them with safer materials [65] . Reducing the use of hazardous substances in electronic equipment is also promoted in Japan [66] and North America [67] . This has led to rapid developments in the field of lead-free materials. However, intense research on Pb-based piezoelectrics continues, due to their very good piezoelectric properties and high reliability. Therefore, the PFM analyses made on both types of ceramics are discussed below.
(a) Lead-based ceramics
In the case of lead-based ceramics, PFM analyses of domain structures were performed in PbTiO 3 -based [68] [69] [70] [33, 53, 71, 72, 74] , which are often called labyrinth-type [71, 72] or finger-print nanoscale domains [53] or nanoscale quasi-regular maze domains [53, 74] .
The typical ferroelectric domain structure in polycrystalline materials consists of arranged and organized domains, such as lamellas, herringbones, wedges, etc. For example, Burnett et al. [48] observed the lamellar domains in PZT (x = 0.6) ceramics. Kim & Huber [55] studied the ferroelectric domain structure in PZT ceramics (PZT-855, APC international) by PFM before and after in-situ mechanical loading. In a virgin sample, the lamellar domain structure was observed, while after mechanical loading different evolution processes took place, for example, the overwriting of one lamellar structure over another. Goncalves et al. [69] studied the ferroelectric domain structure in (Pb 0.79 La 0.21 )TiO 3 ceramics, where lamellar domains separated by 90°walls and irregularly shaped domains separated by 180°walls were found. The lamellar or wedge-shaped domains were observed in relaxor-ferroelectric (1-x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-xPT) ceramics in compositions close to the morphotropic phase boundary [56] .
PNDs play an important role in the functionality of relaxor ceramics, but their detection is very challenging. Shvartsman et al. [71] were able to observe the domain patterns associated with the PNDs in relaxor Pb 0.9125 La 0.0975 (Zr 0.65 Ti 0.35 ) 0.976 O 3 ceramics. Each grain in the sample consists of individual labyrinth-type regions with a different piezoresponse signal, as shown in figure 9 . The authors [71, 72] defined the correlation length (ξ ) as a measure of the polarization disorder in relaxors, which is directly related to the average size of PNDs. They found that the ξ of regions shown in figure 9 is approximately 50 nm, which is larger than the size of the individual PNDs, as expected from transmission electron microscopy experiments. The authors suggested that the observed contrast is due to agglomerates of polar clusters formed in the material due to the strong electric fields near the sample surface shifting down the phase diagram towards the freezing temperature, where the interactions between the individual PNDs are stronger [71] . Kiselev et al. found that the ξ of such regions varied with the different ceramic grain sizes, which is most probably related to the mechanical stress developed during the thermal treatment or due to the lanthanum gradient across the grains [72] .
The PFM technique also enables a visualization of the domain structure over ferroelectricrelaxor crossover (figure 10). For example, in Pb(Sc 1/2 Nb 1/2 )O 3 ceramics, which shows ferroelectric behaviour at ambient temperature, micrometre-sized domains are observed (figure 10a). During heating, when approaching the ferroelectric-relaxor transition temperature of Pb(Sc 1/2 Nb 1/2 )O 3 at approximately 98°C [81] , the domain structure changes. The fraction of micrometre-sized domains decreases (figure 10b), while the nanometre-sized domains prevail in accordance with the ferroelectric-relaxor crossover. At 90°C, approximately 100-nm-large domains that form mottled patterns are observed (figure 10c) and can be associated with agglomerates of PNDs [33] .
(b) Lead-free ceramics
In the case of lead-free ceramics, PFM analyses of the domain structures were performed for BaTiO 3 [52] ceramics, significant variations in the domain structure with an increasing amount of dopant (i.e. strontium or tin) were found, as described in the next paragraph. An example of the domain structures in lead-free (K 0.5 Na 0.5 ) 1−2x Sr x NbO 3 (x = 0-0.15) polycrystalline materials is shown in figure 11 . Modification of the ceramics with strontium resulted in a decrease in the grain and domain sizes. Two types of domain structure were observed: the herringbone, watermark and zig-zag domains for compositions below x = 0.01 and the single-grain/single-domain structure for compositions above x = 0.06. The latter can be attributed to the grain-size effect. In the range x = 0.02-0.04 both types of domain structures are present [51] . Another example of the gradual decrease of the domain structure by doping is shown in figure 12 . In this case, increasing the addition of tin in the BaTiO 3 leads to a gradual modification of the domains down to sizes below the PFM detection limit, as can be seen in the x ≥ 0.15 compositions (figure 12d,e) [52] .
(c) In-plane PFM imaging of polycrystalline bulks
In addition to the out-of-plane (also called vertical) PFM deflection of the tip-cantilever system, the in-plane (also called lateral) PFM motion can be detected simultaneously. The in-plane imaging was proposed by Eng et al., 20 years ago [10, 82] . It is connected with the torsional motion of the tip-cantilever system; horizontal movement leading to the in-plane direction of the laser reflection beam in the photodiode [3, 17, 102] . The scheme of the out-of-plane and in-plane PFM imaging is shown in figure 13 .
A recent study reports the visualization of PNDs by in-plane PFM imaging. The authors used the lateral DART mode technique for the observation of PNDs in lead-free relaxor 0.97(0.81Bi 1/2 Na 1/2 TiO 3 -0.19Bi 1/2 K 1/2 TiO 3 )-0.03BiMg 1/2 Ti 1/2 O 3 [90] . Based on in-plane scanning in the lateral DART mode, the authors observed PNDs with better in-plane resolution than in single-frequency PFM, as shown in figure 14 . Furthermore, a 3D reconstruction of a surface displacement induced by the local converse piezoelectric effect is feasible by combining out-of-plane and two or more in-plane PFM images, as reported in [3, 69, 75, 82, 90, 102, 103] . The in-plane PFM images are obtained by rotating the samples by some specific angles and scanning after each rotation. But the direction of polarization beneath the tip is challenging to determine, because the electric field in the sample is not well defined, non-centrosymmetric and strongly localized. The cantilever movement is the superposition of deflection, buckling and torsion and during the experiment the proper calibration of out-of-plane and in-plane signals is needed. The difficulties that can be encountered during the 3D-reconstruction experiment are explained in [3, 102] .
(d) Application of a dc electric field
Piezoelectric/ferroelectric polycrystalline materials can be used in various applications, such as piezoelectric sensors and actuators, ultrasound transducers, energy harvesters and new solidstate cooling devices based on caloric effects. In these applications high electric fields are applied to the working elements prior to or during the operation. However, surprisingly, not much literature reports investigations of the ferroelectric domain structure in polycrystalline samples exposed to electric fields, despite the fact that these are actually the working conditions of piezoelectric elements. The PFM is an appropriated tool for such an investigation. A dc electric field can be applied to the sample locally, inside the AFM or externally, outside the microscope.
(i) Application of a dc electric field inside the AFM microscope
During such an experiment, the dc electric field is applied to the PFM tip inside the microscope; it is normally applied locally using the conductive tip as a top electrode. The experiment can be performed in three steps: (i) investigation of a virgin area using an ac driving signal, (ii) application of a dc signal followed by (iii) an investigation of the switched area using an ac driving signal, which is usually similar to the one in the prior experiment and lower than the local switching voltage. An example is shown in figure 15 , where the ferroelectric domain structure in a PMN-35PT ceramic was investigated before (figure 15a) and after scanning across the whole area with an applied dc voltage of 30, 60 and 90 V ( figure 15b-d) . In figure 15a the yellow arrows mark the curved features, most likely representing 180°turns of the polarization vectors that are not visible after the application of the electric field. In figure 15b ,c the arrows point to the lamellar domains. The arrows in figure 15d mark the wider lamellar domains that are formed at higher applied voltages [56] .
(ii) Application of a dc electric field externally
During such an experiment, the dc electric field is applied to the sample externally. If the top electrode is thick, for example, prepared by screen-printing and thermal treatment, then after the application of a dc electric field and prior to the PFM investigation, the electrodes need to be removed by polishing. However, the mechanical polishing can depolarize the upper layer of the sample and modify the ferroelectric domain structure. Therefore, instead of thermally treated electrodes, a conductive paste that is dryable in air can be used. The steps are shown in figure 16 . In the first step, the ferroelectric domain structure is analysed by the PFM. Then the conductive paste is painted and dried. The sample is exposed to an external electric field and the top electrode is removed using an appropriate solvent. In the final step, the ferroelectric domain structure can be analysed by the PFM. An example of such an experiment is shown in figure 17 . In the virgin PMN-30PT sample, wedge-to-square-shaped domains were found (red arrows), while after the application of a dc electric field a relatively uniform contrast with some rare curved wedge domains (marked with red lines) was observed [56] . The uniform PFM contrast with some rare leftovers of non-switched domains is typical for poled ceramic samples, where the majority of the domains are oriented in the direction of the applied electric field.
Another option for applying a dc electric field to the sample is to deposit a thin metal electrode on the top of the ferroelectric, through which the domain structure can be studied. In this case the dc electric field can be applied either inside the AFM, between the conductive tip and bottom electrode, or externally as shown in figure 16c . The investigation of the domain structure through the top electrode is mainly reported for thin-film samples [104] [105] [106] and rarely for bulk ceramics or thick films.
(iii) Step dc signals
An increasing dc step signal overlapped by a small ac driving signal is normally used for local piezoelectric-voltage measurements (switching spectroscopy measurements), which can be presented as amplitude and phase hysteresis loops, as shown in figure 4c. The signal used for such measurements is schematically shown in figure 18 . The dc step signal is used for local poling and reversing the ferroelectric domains, while the ac voltage is a driving voltage that induces the piezoelectric response in the sample. The so-called 'on' and 'off' modes correspond to the state of the dc step signal, as shown in figure 18 . In the literature, the mode that was used during the local hysteresis determination is usually not sufficiently described. However, this is very important information, because the local hysteresis loops measured in the 'on' or 'off' modes can vary considerably. In the 'on' mode the contribution of the electrostatic interaction between the tip and the sample can overlap the sample response; therefore, the local hysteresis loops are usually measured in the 'off' mode. However, the PFM technique is not an appropriate tool for the separation of ferroelectric and non-ferroelectric materials. It was shown that non-ferroelectric materials (such as soda-lime glass) could exhibit local hysteresis loops even in the 'off' mode [42] . Many different phenomena can interfere with such PFM measurements, for example, chemical dipole, charge injection, the field effect, Vegard strain and Joule heating. Vasudevan et al. [107] reported a very comprehensive review on this topic.
(e) The bipolar electrical cycling-fatigue experiment [50] . The ceramics were electrically cycled with a sinusoidal waveform of amplitude 20 kV cm −1 (approximately twice the value of the coercive field) and a frequency of 50 Hz. It was shown that during the bipolar electrical cycling a large number of ferroelectric domains are induced in order to release the mechanical stress in the sample. Such an effect is especially strong in the grains close to the electrodes. Annealing at 700°C for 10 h promotes partial recovery of the initial domain structure, as shown in figure 19 .
PFM studies of the domain structure in polycrystalline thick films
There is not much literature on PFM analyses of polycrystalline thick films in comparison to the enormous number of papers discussing the PFM analyses of polycrystalline bulks and thin-film samples. thick films prepared by low-density deposition methods, such as screen-printing [60, [108] [109] [110] [111] [112] , electrophoretic deposition [61] , tape-casting [113] or inkjet printing [114] . Only a few papers report the PFM analysis of thick films prepared by high-density deposition methods [115, 116] . Some literature [117, 118] can also be found on the PFM analysis of films prepared by adapted thin-film methods [27] , for example, multiple spin or dip coatings, but these methods are not the subject of this review.
Some examples of the domain structure in thick films are given below. The PFM scanning can be performed on virgin [108] [109] [110] [111] [112] 114, 115] or polished [60, 61] thick-film surfaces. The surface of the virgin thick films is usually very rough (in the micrometre range); therefore, the scanning of large areas (tens of micrometres) is difficult for non-polished samples, but more feasible for polished ones. The domain structure of a polished BiFeO 3 thick film is shown in figure 7 . The film was prepared by screen-printing the paste onto a platinized alumina substrate, followed by sintering at 820°C [60] . Both lamellar and irregular-shaped domains were observed [60] , which were similar to the ones observed in a bulk ceramic of the same composition [44, 45] .
An example of PFM analyses performed on a non-polished screen-printed PMN-35PT thick film is described below. The film was prepared by screen-printing the paste on a platinized alumina substrate, followed by sintering at 1100°C. The coexistence of a monoclinic phase with the space group Pm and a tetragonal phase with the space group P4 mm was observed in this film. A complex domain configuration was found, from micrometre-sized domains, submicrometresized lamellar domains and bundles of domains, to nano-sized domains, as reported in [110] . A grain that contains micrometre-sized twins is shown in figure 20a . The grain boundaries can be easily identified in the topography as well as in the PFM amplitude image. For three domains located in the centre of the image (domain walls are marked with white lines); it was not possible to determine whether they are 180°domains or not. However, it can be seen in figure 20a that the polarization has out-of-plane as well as in-plane components, as schematically represented in figure 20b. These domains are surrounded by a group of domains with only in-plane polarization in the shape of a shell, marked with dotted lines in figure 20a and schematically represented in figure 20b, below. The angle of the polarization vectors between the in-plane shell and the three domains described above is not 90°, which is the only non-180°possibility allowed in the tetragonal phase. Therefore, this phase is most probably a monoclinic one. For more details, please see ref. [110] . To conclude this part, the ferroelectric domains in the grain located in the middle of figure 20a exist as two micrometre-sized non-180°domains, most probably of monoclinic phase with the space group Pm. Note also that the tendency to form a shell of in-plane polarization area close to the grain boundary is presumably connected with the substrate-induced strain. Namely, the one induced in the PMN-35PT layer due to the thermal compressive stresses that are developed in the sample during thermal treatment [110] . Another example of the PFM analysis of a non-polished thick film is shown in figure 21 . The Pb(Zr 0.53 Ti 0.47 )O 3 thick film was prepared by inkjet printing onto platinized alumina and sintering at 1100°C for 1 h. The surface microstructure consists of a few 100-nanometre grains, as can be seen in figure 21a. The local piezoelectric activity is evident in the PFM amplitude image. The bright regions within the grains represent the areas with enhanced local piezoelectricity, in comparison to the darker regions. The local PFM phase hysteresis loop was measured in the bright region using switching-spectroscopy mode, which indicates that the film possesses local ferroelectric behaviour [114] . 
Conclusion
Numerous groups around the world are studying the preparation and characterization of piezoelectric bulk ceramics and thick films. However, much more literature describes the PFM analyses in the former than in the latter. What is the reason for this? The answer to the question most probably lies in the thick-film preparation procedure prior to the PFM investigation. The surface of an as-sintered thick film is usually too rough for large-area scanning, such as a few tens of microns. Therefore, a proper polishing of the thick films is required, which is challenging and requires some knowledge and skills. However, as shown in this review, a few-tens-ofmicrometres, high-quality PFM images are feasible, if the thick films are properly polished. Thus, we expect that in the future PFM analyses will bring new insights into the local electromechanical response of thick-film structures.
The second conclusion of this literature review is that the PFM investigation of polycrystalline bulk and thick films exposed to a dc electric field is insufficient. Piezoelectric polycrystalline samples can be used in various applications, such as sensors, actuators, transducers, energy harvesters, etc. In these applications, prior to the operation, high dc electric fields are applied to the ceramic working elements. However, surprisingly, not much literature reports the ferroelectric domain structure in ceramics exposed to a dc electric field, concluding that many opportunities are still open in this area of research.
Our understanding of the local electromechanical properties in polycrystalline materials has improved over the last few decades. Nevertheless, there are still topics that need to be studied even more, such as the ones described above and others. For example, the coupling of the electromechanical and magnetic response in polycrystalline multiferroic thick films as well as bulk samples, the influence of electrically conductive domain walls on the piezoelectric/ferroelectric properties of thick-film samples, a coupling between the electromechanical and caloric responses at the nano level, etc. Therefore, we believe that in the future, PFM analyses in combination with other techniques, such as magnetic force microscopy, conductive atomic force microscopy, electrostatic force microscopy, scanning thermal microscopy and others, can bring a deeper understanding of the functional properties of polycrystalline bulks and thick films at the nano level.
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